Abstract An analytical chemistry method has been developed to quantitatively recover microgram quanties of solid uranium oxides from swipe media using ammonium bifluoride (ABF, NH 4 HF 2 ) solution. Recovery of uranium from surrogate swipe media (filter paper) was demonstrated at initial uranium loading levels between 3 and 20 lg filter -1 . The optimal conditions for extracting U 3 O 8 and UO 2 are using 1 % ABF solution and incubating at 80°C for one hour. The average uranium recoveries are 100 % for U 3 O 8 , and 90 % for UO 2 . With this method, uranium concentration as low as 3 lg filter -1 can be recovered for analysis.
Introduction
Uranium (U) oxides are commonly present in nuclear fuel processing plants and nuclear research facilities. In these uranium oxides, the level of uranium isotope enrichment is a sensitive indicator for nuclear nonproliferation and is monitored closely by the International Atomic Energy Agency (IAEA) to ensure there is no misuse of nuclear material or technology for nuclear weapons. During an IAEA on-site inspection at a declared facility, environmental surface swipe samples are collected and transported to the IAEA headquarters or network of analytical laboratories (NWAL) for further processing. Uranium oxide particles collected on the swipe medium are typically dissolved with inorganic acids following a dry ashing procedure and then analyzed for uranium isotopic compositions. In order to improve the responsiveness of safeguard on-site inspection, in-field detection techniques have been recently explored [1, 2] . However, in-field analysis is bottlenecked by time consuming and hazardous dissolution procedures, as corrosive inorganic acids (e.g. concentrated nitric, hydrofluoric, hydrochloric, and/or sulfuric acids) must be used [3] [4] [5] . Such corrosive chemicals are difficult to use in the field because operator safety considerations and their transportation is highly regulated. It is therefore necessary to develop fast uranium oxide dissolution methods using less hazardous chemicals in support of the rapid in-field detection of anomalies in declared nuclear processes.
Due to its less hazardous chemical properties, ammonium bifluoride (NH 4 HF 2 , ABF) has often been used as a replacement for hydrofluoric acid (HF) in industrial applications. ABF also finds use in consumer products such as glass etchants used by hobbyists, and polish for aluminum wheel covers on cars. During the production of transition metals such as niobium, tantalum, and cobalt, ABF has been used to leach/extract the metal ores [6, 7] . Another application of ABF is dissolving beryllium oxide from swipe sample collection media that are used for industrial hygiene monitoring [8] [9] [10] . Little has been reported in the literature for employing ABF in uranium oxide dissolution, however. Wani et al. conducted research in the late 1980's on the use of ABF as a fluorinating agent for uranium complexes [11] . The reaction kinetics between ABF and uranium oxides were further investigated by Yeamans [12] . Later, Chinthaka Silva et al. [13] applied this reaction in the synthesis of actinide oxide solid solutions, in which uranium oxide and thorium oxide were mixed with ABF to form an actinide-fluoride compound.
Application of ABF to dissolve uranium oxide from environmental swipe media has never been explored, especially as a sample preparation step for in-field analysis purposes. The goal of this study is to identify the optimal conditions such as chemical concentration, temperature, and extraction time for dissolving the uranium oxides U 3 O 8 and UO 2 from simulated swipe media using ABF.
Experimental Materials
Nitric acid, ABF, and glycerol were obtained from Fisher Scientific (Pittsburgh, PA, USA). Deionized (DI) water at [18 MX cm -1 resistivity was produced using a Barnstead TM (Dubuque, IA, USA) E-pure TM system. Uranium oxides (U 3 O 8 and UO 2 ) used in this study were Los Alamos National Laboratory (LANL) in-house research samples. Whatman TM 41 ashless filter paper with 42.5 mm diameter (used as simulated swipe medium) and Whatman Puradisk TM 25 GF/F syringe filter with 0.7 lm pore size (for solution filtration) (GE Healthcare Bio-Sciences, Pittsburgh, PA, USA). Uranium ICP-OES calibration and calibration verification standards were prepared by diluting 1000 mg/L, single-element stock standard solutions from High Purity Standards (Charleston, SC, USA) and Spex CertiPrep Ò (Metuchen, NJ, USA) in 1 % (v/v) ABF.
Instrumentation
An Optima Ò 4300DV inductively coupled plasma-optical emission spectrometer (ICP-OES) by Perkin-Elmer (Waltham, MA, USA) was used to analyze the dissolved uranium from swipe medium doped with the uranium oxide. Because of the potential reaction between ABF and glassware, an inert sample introduction system consisting of a Tracey TFE spray chamber, OpalMist Ò nebulizer, and sapphire injector (all from Glass Expansion, Pocasset, MA) was used for the ICP-OES system. The operating conditions for the Optima 4300DV ICP-OES are listed in Table 1 .
Uranium oxide dissolution from simulated swipes
Simulated swipes containing known quantities of uranium oxide were prepared by suspending uranium oxide in a 1:1 (v/v) mixture of glycerol and water. The viscosity of the glycerol/water solution facilitates the oxide particles in suspension. Aliquots of the suspension were pipetted onto Whatman 41 filters and dried in a vacuum oven at 135°C and *20 in Hg. The quantity of the uranium oxide deposited on the swipes was determined by digesting ten swipes for each preparation batch with concentrated HNO 3 followed by ICP-OES quantitation of the uranium. To study the dissolution of uranium oxide from the swipe medium by ABF, each filter was tri-folded using tweezers, placed in a 15 mL polystyrene BD Falcon TM test tube (BD Biosciences, Bedford, MA, USA), and extracted with 10 mL of ABF at specified concentrations. The capped sample vial was mixed thoroughly with vortex agitator prior being heated in an Isotemp Ò forced-air convection oven (Fisher Scientific) for the allotted time. Solutions were then filtered through 0.7 lm syringe filter disks and analyzed directly by the ICP-OES for uranium concentrations. All results presented in this study are the average of triplicate analyses, with uncertainties reported at 2r.
Results and discussion
To develop an in-field uranium analysis technique, rapidness is the next most crucial characteristic after analytical accuracy, safety and ease of operation. Any parameters that can expedite the uranium oxide dissolution will contribute to the entire analytical efficiency. In this study, parameters such as ABF concentration, temperature, and extraction time, as well stirring/sonication, were evaluated for dissolving both bulk quantity (milligram level) and trace quantity (microgram level) of uranium oxides. The concentration range of ABF that was considered for this study was 1-10 % (w/v). At these concentrations, the solution pH varies between 3.4 and 2.9 [14] , which is considered noncorrosive by the international community [15] .
Bulk quantity uranium oxide dissolution
Preliminary studies on dissolving bulk quantities of U 3 O 8 and UO 2 (i.e., 5-30 mg in 10 mL) were conducted by varying the ABF concentration from 1 to 10 % (w/v), increasing the extraction temperature from 21 to 54°C, and by stirring or sonicating the system. For U 3 O 8 , the concentration of ABF did not significantly affect the dissolution rate within the tested concentration range. Thus, 1 % ABF was the focus of the subsequent experiments for its advantages to chemical and environmental safety. Increased extraction temperature was shown to have positive effect on U 3 O 8 dissolution, whereas stirring and sonicating had no significant contribution. Uranium dioxide (UO 2 ) dissolved much less readily in ABF solution at the 5-30 mg scale, with less than 15-20 % of the solid dissolving under all conditions that were examined. These scoping experiments suggested that the low solubility of UO 2 might limit the practical application of the ABF solvent to more highly-oxidized forms of uranium.
Dissolution of U 3 O 8 from simulated swipe medium
The recovery of U 3 O 8 from the simulated swipe medium by dissolution in 1 % ABF was evaluated at various temperatures and extraction times. Swipe media were loaded with three concentrations of U 3 O 8 that may be considered more representative of an environmental surface swipe sample: 2.9, 12.1, and 24.7 lg U filter -1 . The uranium-loaded filters were leached with 1 % ABF for 50 min, at temperatures ranging from 25 to 80°C. It is seen in Fig. 1 that U 3 O 8 dissolution increased with temperature, and uranium recovery was close to 100 % when incubated at 80°C, for all initial concentration levels.
The effect of the extraction time on U 3 O 8 dissolution by 1 % ABF from the swipe medium was also studied at 80°C, the optimal temperature (Fig. 2 ). An increase in U 3 O 8 dissolution from 58 % to near 100 % was observed when the extraction time was increased from 10 to 60 min. was decided that the optimal condition for extracting U 3 O 8 from the simulated filter swipe media was heating at 80°C for at least 50 min in 1 % ABF solution. Nearly 100 % uranium recovery was achieved at all three initial concentration levels. While this finding provides assurance that the method is robust over a range of uranium oxide concentrations, we consider that the quantitative recovery from the low-concentration filter (2.9 lg U filter -1 U 3 O 8 ) is of the most significance, as it represents the low end measurement limit of the method, i.e., the level at which small traces of uranium can be extracted and analyzed from the swipe medium with high confidence.
Dissolution of UO 2 from simulated swipe medium
Due to the low solubility observed for UO 2 during the bulk dissolution study, the effect of ABF concentration on the recovery of UO 2 from swipes was first examined at three concentration levels: 2.7, 7.1, and 15.0 lg U filter -1 . The results in Fig. 3 were obtained by heating the swipes at 80°C for 1 h. It can be seen that the optimal UO 2 dissolution (80-90 %) was obtained by using 1 % ABF. The reduced recovery of uranium at the intermediate ABF concentrations may reflect surface passivation by species such as NH 4 UF 5 and (NH 4 ) 2 UF 6 [16] . Increasing the extraction time from 1 to 4 h (Fig. 4) did not yield a significant enhancement in the uranium recovery with 1 % ABF within the measurement uncertainty. Within the one hour extraction time, dissolution of 80-90 % of the uranium was obtained for all levels of initial uranium concentration on the filter. This level of recovery from a swipe sample is likely to be adequate for the isotopic analysis application, and by limiting the processing time to one hour, on-site analysis can be easily completed within a workshift. It is, therefore, concluded that the optimal conditions for extracting UO 2 from the filter swipe media were using 1 % ABF and heating at 80°C for one hour. Again, the method low end measurement limit, 2.7 lg U filter -1 , is critical for the UO 2 dissolution application, as there is usually trace to ultra-trace quantities of UO 2 present on the swipe medium.
Conclusions
A sample preparation method has been developed using a less hazardous chemical, ammonium bifluoride, to dissolve uranium oxides. While ABF is not effective in dissolving bulk UO 2 , it has been proven to be capable of recovering microgram quantities of uranium oxides (U 3 O 8 and UO 2 ) from the simulated filter swipe media. We have demonstrated that the optimal conditions for dissolving both types of uranium oxide particles from the swipe media are using 1 % (w/v) ABF solution while heating the sample at 80°C for 50-60 min. These conditions yield average uranium recoveries of 100 % for U 3 O 8 and 90 % for UO 2 . The onehour time frame is appropriate for a responsive in-field sample preparation for isotopic analysis. Unlike conventional inorganic acids, which cannot be transported by air cargo, solid ABF and dilute solutions have minimal restrictions on their transport, and can be used safely in the field. While the study has supported the ABF in-field application, the method may also be amenable to uranium oxide dissolution in fixed-base laboratories.
